MXene, as a novel 2D crystal material, possessing tunable bandgap, low optical attenuation and broadband nonlinear optical responses that may promote the fabrications of advanced electro-photonics devices has gathered remarkable attention recently. However, current investigations of 2D crystals for photonics devices suffer from the limitations of reproducibility, scalability, and compatibility. Inkjet printing is one of the powerful additive manufacturers that facilitate well-controlled, low-cost, scalable and small-footprint electrophotonics devices on myriad substrates. Herein, we directly inkjet printed MXene nanosheets in laser resonators with both fiber and free-space geometrics, and achieved extensive spectral band ultrafast laser operations from near-to the mid-infrared regime with pulse duration going to 100 femtoseconds. The demonstrations of versatile inkjet-printed devices based on MXene, while forthputting its distinct electro-optical properties, may allow the realizations of advanced MXene enable photonics devices shortly. 
MXene, 1 as a glaring multi-feature two-dimensional (2D) crystal, has recently experienced a rapid proliferation of interests from energy storage, 2 medical therapy 3 , and imaging, 4 electromagnetic interference (EMI) shielding, 5 catalyst, 6 sea water purification, 7 ultrafast photonics, 8 to only name a few. MXene represents a big family with the chemical composition of M n+1 X n T x , where M is an early transition metal, X is C and/or N, T is the surface terminations (−OH, −O or −F), and n = 1, 2, or 3. The chemical richness and 2D atomical layer structure of MXene equip themselves with variable and tailorable physical and chemical properties. Specifically, the large bandgap tunability, 9-14 a suggested lower optical attenuation 15, 16 compared to the well-known graphene 2.3% per atomical layer, 17 and the broadband (0.8-1.8 μm) nonlinear optical responses 8 of MXene indicate the huge potential to be taken for efficiently light manipulations. However, there have been only a few attempts to utilize the excellent optical properties for plasmonics 18 and ultrashort laser generations from 1.06 to 1.88 μm 8, [19] [20] [21] through drop cast or spin-coating. Yet, these techniques suffer from the bottlenecks of reproducibility, scalability, and compatibility. MXenes can be available either via top-down acid etching method 1 or through bottom-up CVD approach. 22 The previous one overwhelming the other approaches in the aspects of feasibility, yielding, controllability and finance efficiency. Thus, the fine-controlled solution processed techniques are reckoned as the primary way to utilize MXene for device fabrications.
Inkjet printing is a forefront technique to exploit the merits of 2D materials for printed optoelectronic devices with small-footprint, integration, substrates/geometrics compatibility, scalability, and low cost. Indeed, a large variety of 2D materials, including reduced graphene oxide, [23] [24] [25] [26] [27] [28] graphene, [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] transition metal dichalcogenides, 31, 34, 38, 39, 42, 43 boron nitride, 31, 34, [40] [41] [42] as well as black phosphorus 44 have been incorporated into the printing inks to construct electrodes, photodetectors, gas/strain sensors, transistors, supercapacitors, photovoltaic devices, read-only memories, EMI shield and so forth. Success inkjet-printed pattern realization is the interplay result of substrates, ink rheological properties and printer parameters. 45, 46 The choosing of ink solutions is regarded as the key point. High viscosity solution like N-methyl-2-pyrrolidone (NMP) and dimethyl sulfoxide (DMSO) are normally used in the 2D material liquid exfoliation processes, and thus can be directly used for ink formulation. However, high-temperature annealing after-treatment may be incurred to remove the polymers which will impair the performance of 2D crystals. 29, 31, [38] [39] [40] Single or mixed low boiling point alcohols (e.g., ethanol, 2-butanol, isopropanol) and biological compatible water are also proposed as the ink solutions with careful ink surface tension and viscosity engineering. 23, [30] [31] [32] [33] [34] 37, 41, 42 A small amount of polymers or proteins can also be added into the solutions that act as "binders" to improve the printed film uniformity. Very recently, the viable of printed MXene has been demonstrated with a DMSO + protein formulated ink, where a large diameter nozzle (125 μm) is required, and thus the spatial pattern resolution is limited to 120 μm. 47 In this paper, metallic titanium carbide Ti 3 C 2 T x MXene is deliberately chosen and prepared via acid etching approach. Low boiling point, non-toxic, "binder-free" MXene nanosheets ink is formulated using isopropanol (IPA, boiling point 82.6°C) for establishing functional devices on silica glass, SiO 2 /Si wafer, sidepolished fiber, flexible and transparent PET film, and gold mirror substrates. To advance the utilize of the broadband nonlinear optical responses of MXene, the printed side-polished fiber and gold mirror have been integrated to both fiber and solid-state laser resonators, to achieve ultrafast laser operations covering the optical spectrum of 1-3 μm. Mode-locking operation with pulse duration going to 100 fs has been achieved at the telecommunication window, while Qswitched lasers have been demonstrated in solid-state resonators and in the mid-infrared regime. The virtue of the demonstrations not only lies on broadband ultrafast laser generations via versatile printed MXene photonic devices but are also anticipated to point out a methodology for complex laser resonators integration with functional 2D crystal materials.
RESULTS AND DISCUSSION

Ink formulation
In this contribution, titanium carbide (Ti 3 C 2 T x ) MXene was prepared via feasible acid etching method, as described in Ref. 8 The delaminated Ti 3 C 2 T x was then washed by de-ionic water and dried. The morphology of the prepared MXene is shown in Fig. 1a , b, where typical accordion-like structures can be clarified, confirms the good extraction of Al atoms from its corresponding MAX phase Ti 3 AlC 2 . The atomic lattice was characterized to be hexagonal space group P6 3 /mmc ( Fig. 1f) with an interlayer distance of~1 nm (Fig. 1c) , which in agreement with the theoretical predictions. 48 The particle size of the obtained MXene powder after acid etching procedures is around 10-30 μm (see Fig. 1a ), which can result in nozzle clogging during the inkjet printing. Typically, the particle size should be smaller than 1/50 the of the nozzle diameter in order to avoid nozzle choking. 29, 49 Therefore, the MXene particle size is required to be smaller than 400 nm when using a 22 μm nozzle. To reduce the particle size, the prepared MXene powder was firstly dispersed into isopropyl alcohol (IPA) solution with a concentration of 5 mg/ml and then underwent violent ultrasonic bath in ice-cooled water over 72 h. After this, a home-made vacuum filtration apparatus with a polytetrafluoroethylene (PTFE) membrane (pore size~220 nm) was used to separate the produced MXene nanosheets into a flask. The mean particle size (Feret's diameter) and thickness of the MXene nanosheets in the IPA solution were checked via SEM and AFM to be 21.5 ± 7.6 nm and 3.7 ± 0.7 nm, respectively, well satisfy the particle size requirements of printing (see Fig. 1d, e) . However, we found the concentration of MXene nanosheets is rather low after separation for efficiently pattern fulfillment, even though multiple passes are applied. The MXene nanosheets IPA solution was then concentrated via a rotavapor to formulate the ink. The concentration of the MXene ink was characterized to be~2 mg/ ml. Previously, efficient inkjet-printed devices have been reported using an ink concentration as low as tens μg/ml in different solutions, 31 indicating that the concentration of the materials is not a stringent prerequisite. However, a higher ink concentration features synergistic advantages to the final productions, such as reduces the printing time, higher uniformity due to the material pinning effect that effectively avoids the material carry during the ink drying, alleviates the re-dispersion. The optical attenuation of MXene ink drop cast on a silica glass is presented in Fig. 1g , which shows an impartial absorption from 400 to 3000 nm, agrees well with its zero bandgap (or E g < 0.2 eV) electronic band structure, 1 and indicating the broadband nonlinear optical modulation spectral window.
The devices pattern is constructed via the deposition of multiple single ink droplets that determine the print pixel resolution, thus, the engineering of the single droplet is of crucial for the device fabrications. Stable ejecting of single droplets from a given nozzle can be qualitatively estimated by the inverse Ohnesorge number Z ¼ ffiffiffiffiffi ffi ργd p η , where ρ, γ, and η represents the ink density, surface tension and viscosity respectively, d is the diameter of the nozzle. An unitless value of Z between 1 and 14 suggests a stable single droplet ejecting. Ink with Z value smaller than 1 is hard to be ejected, while with Z larger than 14 tend to generate satellite droplets. 46, 50 A brief summary of rheological properties of the the formulated 2D materials ink is presented in Table 1 . The obtained MXene ink features a density of 0.79 g/cm 3 , surface tension of 23 mN/m, viscosity of 2.4mPas, thus giving Z~8.3, which is similar to recently reported ink based on black phosphorus 44 and h-boron nitride. 40 The prepared MXene nanosheets ink can stable for more than three months in a fridge, without particle aggregation and ink stratification were observed. This might be due to the high negative zeta potential of MXene nanosheets. 51 A stable ejected droplet sequences observed from the printer stroboscopic camera is presented in Fig. 2b . The droplet is further required to wet the substrate to form a continous coating though the ink is suitable for stable ejecting. 45 Previous reports suggest the ink surface tension should be 7-10 mN/m lower than the substrate surface energy. 44 The asprepared MXene ink is suitable for substrates including silicate glass, SiO 2 /Si wafer (SiO 2~3 6 mN/m 52 ), and polyethylene terephthalate (PET,~48 mN/m 53 ). All of them have been applied without any surface treatments in this project to confirm the ink's wide adaptability.
After printing, the droplet drying process is another key point for the final device quality. The higher evaporation ratio at the outer edge of the droplets could lead to the outward capillary flows that carry the material to the external edge and create the well-known non-uniform "coffee ring" effect. To avoid the "coffee ring" effect, several strategies have been proposed, including mixed solutions with different surface tensions to form the reverse Marangoni flows, low surface tension to achieve high-level wetting, large particle size, high ink concentration or polymer/ protein binders to "freeze" the particles, low solution evaporation temperature to mediate the evaporation ratio difference, to demonstrate well-printed functional devices. 30, 35, 54, 55 Herein, IPA with low surface tension and low evaporation temperature (82.6°C
) was chosen as the ink solution, and the dispersed MXene nanosheets in that IPA solution was concentrated to alleviate the printed pattern non-uniformity. Through these means, negligible "coffee ring" can be observed experimentally on both the substrates (see Fig. 2 and Supplementary Information).
Device fabrications The ability of inkjet printing to form arbitrary 2D or quasi-3D patterns via the deposition of single ink droplets has significantly promoted the explorations of advanced micro electro-optical devices based on two-dimensional crystals. 31, 37, 39, 40, 42 Previous studies indicate that MXene can be a promising broadband saturable absorber from visible to the mid-infrared regime with linear optical losses as low as~1%/nm. 8, 16, 19 However, the integration to the laser resonators and the finely controlled deposition thickness, geometrics, and dimensions remain been barely touched to date. Hence, we adopted a side-polished fiber and a gold mirror as the substrates to form the saturable absorber devices in pursuit of integration with different laser resonator setups. In the printing process (DMP-2850, FUJIFILM Dimatix), the substrate temperature is 50°C, the voltage for the nozzle actuator is 18-23 mV depends on the nozzle chosen, the tickle frequency is 23 kHz. By altering the inter-droplet distance, different patterns such as dots matrix, stripes and be printed as required (see Fig. 2d,  e) . Decreasing the inter-droplet distance to 35 μm, uniform and continuous MXene nanosheets film can be obtained on the substrates. We found multi-passes could help to improve the film uniformity due to the small inter-droplet distance. A range of printed layers on both side-polished fiber (4 L, 6 L, 8 L, 10 L, 12 L; L: layer) and gold mirror (4 L, 8 L, 10 L, 16 L, 20 L) samples were prepared to engineer the saturable absorption properties for particular resonators. There are a 5 min break every two passes for drying on the side-polished fiber (as well as glass, PET, SiO 2 /Si wafer), while for the thicker gold mirror substrate, the drying time could last about more than 10 min at 60°C. Subtle stacking trace and white light interference colors can be recognized from Fig. 2f , k. Note, the printing technique can be agilely transformed on the substrates of glass, transparent and flexible PET film, silica/silicon wafer for specified applications (see Supplementary Information) . Figure 2c shows a logo of "Shenzhen University" that been printed on a transparent and flexible PET film via using the MXene nanosheets ink.
Laser performance
The investigation of ultrafast lasers with high electric field amplitude, short temporal duration and high repetition rate, driven by the wide application demands in both civil and military industries has found fruitful achievements via semiconductor saturable absorber mirror (SESAM). 56 However, the sophisticated fabrication processes and the limited frequency bandwidth of SESAM encounters the barriers of high financial cost, low compatibility, and narrow modulation bandwidth. Alternatives based on low dimensional materials, such as graphene, carbon nanotubes (CNTs), topological insulators, transition metal dichalcogenides, and epsilon-near-zero (ENZ) medium have recently been proposed, 57, 58 with which broadband optical modulation capability, low optical loss, high modulation depth and low bleaching threshold have been demonstrated. Even though, the exploiting of broadband saturable absorbers, especially for the mid-infrared laser sources based on low-dimensional materials is far for closure, in the aspects of fabrication technologies, materials, resonator geometrics, and optical mechanisms.
To demonstrate the broadband optical amplitude modulations and wide adaptability of the printed MXene saturable absorbers, four laser resonators with different operating wavelengths and configurations were designed and established. Figure 3a , b shows the architecture of all-fiber ring resonators with ytterbium-and erbium-doped fiber as the gain medium. The length of the Ybdoped (250 dB/m @980 nm, 8/125 μm) and Er-doped (4.45 dB/m @980 nm, 8/125 μm) fiber are 1 and 4 meters, results in cavity length of 12.7 and 17.8 meters, respectively. The ring oscillator consists of a laser diode (LD, 980 nm, Pmax = 700 mW) as the pump, a wavelength division multiplexer (WDM) for input coupling, the impurified gain medium, a polarization controller (PC), a polarization independent isolator (PI-ISO), an optical coupler (OC, 10%), and the side-polished fiber saturable absorber. , respectively. The length of the side-polished portion is 10 mm, and the top surface has a close distance (~1 µm) to the fiber guiding core to achieve efficient evanescent field-MXene interactions. In order to completely overlap the side-polished fiber, the rectangularly printing area is 3 × 12 mm 2 . The MXene nanosheets are homogeneously printed on the side-polished fiber, as shown in Fig. 2g .
Compared to fiber resonator, all-solid-state resonator could be more challenge for free-space alignment and pulsed laser operation. Here, a side-pumped Nd:YAG solid-state laser resonator is conceived and constructed as shown in Fig. 3c . The size of Nd: YAG rod is Φ3 × 65 mm. The side-pump source (GTPC-75S, GT Optics Co. Ltd) can deliver pump power as high as 75 W at the operation current of 25 A. Two concave mirrors with focal length of 250 mm (m1) and 50 mm (m2) are set up to achieve small beam profile on the printed MXene saturable absorber gold mirror. The output mirror has an output coupling efficiency of 20%. The absorber mirror is mounted on a manually transform xyz-stage to optimize the laser performance.
To further expand the laser operation regime of MXene, a linear fiber resonator incorporating the prepared MXene saturable absorber mirror is set up for mid-infrared ultrashort pulse generation, as shown in Fig. 3d . The pump source is supplied by a commercial laser diode (30 W, BTW Beijing Ltd) with wavelength center at 976 nm. The laser is coupled out with a fiber pigtail with a core diameter of 105 μm and numerical aperture (NA) of 0.15. The pump light is collimated by a biconvex lens (f 1 = 50 mm), then is focused into the gain fiber by the second biconvex lens (f 2 = 75 mm). The 3-meter double cladding Er:ZBLAN fiber (FiberLabs Inc.) was doped with an impurity concentration of 70,000 ppm. The core diameter of Er:ZBLAN fiber is 15 μm and NA of 0.12. The D-shape cladding has a diameter of 240 × 260 μm (short × long) with NA of 0.4. To adjust the incident beam area thus the laser intensity on the MXene SAM and avoid the Fresnel refraction, a ZnSe aspherical lens pair (f 3 = f 4 = 12.7 mm, AR@976 nm, 2.7-3.7 μm) is established. A 45°dichroic mirror (M1) with high transparency at pump wavelength (T > 95%) and high reflectivity at laser wavelength (R > 99%) is added to remove the pump light effects on the MXene SA mirror. The outcoupling end facet of Er: ZBLAN fiber was cut perpendicular to the fiber axis, with a Fresnel reflection of 4% as the laser feedback. While the other facet was cut with a small angle of 8 degrees to avoid parasitic oscillation. Another identical 45°dichroic mirror (M2) was used to separate the pump and output light. Fig. 4 Broadband pulsed laser operations. Oscilloscope spectrum of the phase locked pulse trains at a 1.06 μm and b 1.55 μm. The modelocking pulse-to-pulse fluctuation is 2.3% and 1.4%, respectively. SD stand deviation. Pulse trains of Q-switched laser at c 1.06 μm and e 2.8 μm with the corresponding output powers. Q-switching pulse duration and repetition rate (up) and pulse energy (down) as a function of the pump power at d 1.06 μm and f 2.8 μm Previous studies 57, 59 indicate that the nonlinear optical properties and linear losses of the saturable absorber can be finely tailored via directly varying the numbers of the printed layer. Here, fiber and gold mirror SAs with a range of printed layers are designed and fabricated. Stable continuous wave (CW) modelocked (1.06 and 1.55 μm) and Q-switched (1.06 and 2.8 μm) lasers with the spectral ranges spanning from near-to mid-infrared regimes have been realized, as shown in Fig. 4 . The mode-locked pulse trains show a low peak-to-peak fluctuation (~2 %) over a time of 100 μs for the two operation wavelength, while the Qswitched pulse trains show a slightly higher fluctuation of~5 and 6% at 1.06 μm and 2.8 μm, respectively. The high stability of the pulsed laser operations is confirmed via the high signal-to-noise ratio (SNR) as shown in Fig. 5c . The repetition rate of phase-locking is a constant determined by the cavity length, to be 16.07 MHz and 11.76 MHz, respectively. However, the repetition rate of the Qswitching monotonically increases from 10.9 to 24.5 kHz at 1.06 μm, and 49.9 to 88.3 kHz at 2.8 μm. Conversely, the pulse duration decreases from 8.1 to 2.6 μs at 1.06 μm, and 1.56 to 1.1 μs at 2.8 μm in the meantime due to the increasing levels of saturation.
The laser wavelengths, output powers, repetition rates, and pulse durations of the laser operations in different resonators are summarized in Fig. 5 . The steep spectral edges observed at the 1.06 μm (Yb: I 15/2 suggests the phase-locking can support an ultrashort temperal pulse (~114 fs) and is consistent with the autocorrelation characterization (APE pulseCheck 50), as shown in Fig. 5d (see more information in SI). As for the femtosecond laser pulse, the fiber pigtail with non-negligible dispersion can significantly affect the output pulse duration. 60, 61 The fiber pigtail used here is a single-mode fiber with a length of~3m, and an estimated dispersion of −0.065 ps 2 . This indicates the output pulse experiences further compression during the output coupling. Different with the longitudinal mode phase-locked operation, the Q-switching operations show a relatively narrow spectrum band. A output slope efficiency as high as 21.1% (photonic efficiency of 60.5%) of the Q-switched mid-infrared operation was achieved. Noteworthy, all the pulsed laser operations can be initialized near the laser thresholds. The fundamental radio frequency is shown in Fig. 5c , high SNR radio frequency spectra can be observed from all the pulsed laser operations that confirms their high stability. The minimum pulse duration obtained at the highest pump level are 215 ps, 2.6 μs, 114 fs, and 1.1 μs, respectively. A comprehensive comparision of the laser performance with other reports using 2D materials-based saturable absorbers have been summaried in Tables S1-S4. Considering the maximum output power at the four wavelengths are 14.1 mW, 129.8 mW, 9.2 mW and 181.2 mW, respectively, the achieved maximum pulse energies (peak power) are 0.88 nJ (4.1 W), 5.3 μJ (2.1 W), 0.78 nJ (6.86 kW) and 2.1 μJ (1.9 W), which may suitable for a range of practical applications, e.g., mechanical machining, 62 medical surgery, 63 ecological monitoring, 64 chemical reactions, 65 and spectrocopies. 66 We have described a full inkjet-printing approach for developing integrated broadband saturable absorbers via utilizing the distinct optical merits of 2D MXene. The well-controlled, cheap, binder-free and scalable ink formulation allows the agile integration of MXene small-footprint thin film patterns to variable setup geometrics. Ultrafast laser pulse generations were achieved spanning from 1 μm to 3 μm with operations modes of CW phaselocking and Q-switching in both fiber and solid-state resonators. The obtained shortest pulse duration is going to 100 fs in the telecommunication window. Our demonstrates of versatile inkjetprinted MXene devices may pave the wave to the realizations of advanced MXene photonics devices shortly. More spectacularly, we hope this work could offer inspirations to explore other fullprint 2D crystals or heterostructures for integrated electrophotonics.
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